Reaching a sustainable society represents one of the key challenges of the 21 st century and wood as an abundant and renewable resource has the potential to serve as one of the main materials for this transition. In this regard different concepts for the development of novel wood-based functional materials, fabricated by the in situ formation of different materials systems are shown. Another focus is laid on densified cellulose composites, a novel material concept based on delignification and densification of wood, resulting in a high performance natural fibre reinforced composite material. This approach represents a promising alternative to common glass-and fiber reinforced composites but also to other manufacturing approaches such as 3D printing.
INTRODUCTION
Wood is characterized by a porous hierarchical structure across several length scales which results in excellent mechanical properties. This hierarchical structure, built up of aligned high strength cellulose fibers embedded in a pliant matrix of hemicelluloses and lignin, has been a great source of inspiration for the design of engineered composites [2] [3] [4] . Moreover, wood represents an ideal scaffold for inserting polymers or inorganic matter to develop high performance composites and hybrid materials 5 . Numerous modifications/functionalizations have been developed in recent years, which on the one hand improve wood in its traditional application fields (e.g. increased dimensional stability, UV stability, improved flame retardancy) or on the other hand add new functionalities for novel hybrid materials including magnetic, electrical or stimuli-responsive properties [6] [7] [8] [9] [10] [11] [12] . Within the last years processing technologies in materials science have become more and more sophisticated providing excellent control of the micro-and nanostructure (e.g. 3D printing) of the respective manufactured materials. Nevertheless, it still remains highly challenging to upscale these structures and the therewith connected properties to the macroscale. Therefore, the functionalization of hierarchical natural materials (e.g. wood) is a promising alternative, as the hierarchical structure of wood can be directly utilized for up-scaling 5 . Besides using natural wood for functionalization, delignification of wood while retaining the sophisticated hierarchical structure and the beneficial fibre directionality has caused significant interest as modifiable cellulose skeletons can be obtained. Previously used for the preparation of wood templated ceramics, this concept was applied for fabricating transparent wood and rather recently the wood inherent cellulose skeleton was used for the development of high performance densified bulk materials for sustainable engineering 1, 13, 14 . In the following the main approaches for the development of wood-based hybrid materials via in situ formation of polymers and minerals with a specific focus on the analytical characterization on a cell wall level are shown. In addition, a specific focus will be put on discussing the concept of delignified wood as an important alternative to common fiber reinforced composites and to bottom up 3D printing approaches.
MODULAR MODIFICATION APPROACHES
Within the last years we have developed numerous modification/functionalization approaches for wood. The majority of them are based on the in situ formation of polymers respectively minerals within the bulk wood structure. In Figure 1 , an overview of the various polymerization approaches developed is presented. Figure 1 . Scheme of modular modification approaches via polymers a) attachment of polymerization initiators to the wood inherent hydroxyl groups, b) reaction of hydroxyl groups with methacryloyl chloride, c) reaction of hydroxyl groups with methacrylic anhydride, d) in situ polymerization of different monomers such as styrene, methacrylic acid, Nisopropylacrylamid e) ring-opening polymerization of ε-caprolactone f) potential properties of the modified wood, for instance increased dimensional stability, responsiveness to temperature or pH changes
We have transferred various well-known polymerization techniques -including free radical polymerization (FRP), ringopening polymerization (ROP), and atom transfer radical polymerization (ATRP) -to the rather unusual substrate material wood. By these techniques, polymer chains were covalently attached to wood fibers. The versatility and potential of the approaches are twofold: by using various graft polymerization techniques, different monomers can be used and we can have better control of the final distribution of the polymer in the wood structure 5, 8, 9, 15, 16 . In the following, two examples are presented in more detail. First, a simple approach which allows for a spatially controlled in situ formation of polymers and second, the development of a wood based stimuli responsive hybrid material based on the formation of PNIPAM hydrogel within the porous structure of wood.
A modular approach with control of polymer distribution
For wood functionalization approaches it is crucial to be able to control the spatial distribution of the functionalization within the bulk wood structure, as depending on the application needed, the distribution of the polymers within the wood structure must be adjusted. For that in a first step, two bifunctional monomers with different reactivities (methacryloyl chloride and methacrylic anhydride) were used to introduce reactive methacryl groups into wood cell walls. The distribution of the methacryl groups can be controlled, based on the applied reaction protocol. By using these methacryl groups as anchor points for grafting, polymers can be inserted into the wood structure. Strikingly, depending on the methacryl precursor location, the spatial distribution of the polymer can be controlled ( Figure 2) . As a proof of concept, we have grafted polystyrene to the cell wall. For the case of methacryloyl chloride, the polymer was located mainly at the interface between cell wall and lumen, whereas in the case of methacrylic anhydride the polymer was distributed within the whole cell wall. For a detailed analysis of the different modification states within the wood cell wall, confocal Raman spectroscopy imaging was used, as it allows for a spatially resolved analysis with high chemical resolution (Figure 3) 9 .
r Cell wall grafting Lumen grafting Figure 2 . Scheme of the modification process: tunable functionalization of the wood cell wall with methacryl groups followed by grafting and in situ polymerization of styrene 9 .
The modular character of the here presented modification protocol allows for controlling the distribution of inserted monomers in the complex hierarchical structure of wood and can be varied depending on the needs of the final product. In order to generate high dimensional stability, hydrophobic polymers must be incorporated deep inside the wood cell wall. On the other hand wood modifications which target to make use of the microporous structure of wood, for example for membranes or filter applications, could profit from a preferential insertion of methacryl groups at the interface of cell wall and lumen as the related functional polymers can be attached in the right position 9 . Figure 3 . VCA (Vertex Component Analysis) of methacrylated and in situ polymerized wood samples; a) unmodified part of the wood cell wall after reaction with methacryloyl-chloride; b) modified part of the cell wall after reaction with methacryloyl chloride c) homogeneous distribution of methacryl groups within the wood cell wall after reaction with methacrylic anhydride; d) corresponding endmember spectra of the Raman images a-c; e) Raman images of the polymer distribution after pretreatment with methacryloyl chloride; f) polymer distribution after pretreatment with methacrylic anhydride 9 .
Stimuli-responsive wood based materials
The development of new lightweight functional materials represents one of the main research directions in materials science. Thus we present here a simple two-step strategy for the formation of stimuli-responsive hydrogels within the hierarchical structure of wood, in order to create a new type of smart wood-based materials 8 . In the first step of this modular functionalization, the wood cell walls were reacted with methacrylic anhydride. The anhydride attaches to the wood inherent OH-groups and the incorporated double bonds act as anchor points for the subsequent reaction of the hydrogel within the lumen of the wood cell walls. This ensures a stabilization of the hydrogel within the wood scaffold. Furthermore, by masking some of the hydroxyl functionalities, a certain hydrophobization of the cell wall occurs, which prevents hydrophilic monomers to enter the cell wall and constrains the monomers to the lumen 8 .
After the modification with methacryl groups a stimuli responsive hydrogel is formed inside the lumen of the wood cells by redox-initiated or UV-initiated polymerization. As a thermoresponsive polymer we have chosen crosslinked poly (Nisopropylacrylamide) (PNIPAM). PNIPAM is characterized by a lower critical solution temperature (LCST) of 32°C. At this temperature, polymer chains undergo a transition from a well hydrated state to a hydrophobic collapsed state. This stimuli-responsive behavior within the wood structure has been investigated by Raman spectroscopy as this technique is not only suited for mapping the distribution of the constituents with high spatial resolution, but also it is highly sensitive to changes in the conformation of polymers. Thus, the structural changes of PNIPAM around the LCST can be studied. The conformational change can be measured by the changes in the C-H stretching vibration. The C-H region possesses a typical split into two peaks at 2945 1/cm and 2922 1/cm and the relative intensities of the two peaks are a measure of the hydration state of the isopropyl groups within the PNIPAM hydrogel. The hydrophilic-hydrophobic switch at the LCST can be therewith followed on the one hand by a drastic decrease of the water related peak around 3200 1/cm due to the dehydration of the hydrogel and on the other hand by change of the relative peak intensities of the double peak in the C-H region (Figure 4) 8 . Figure 4 . a) Raman spectra of pure PNIPAM hydrogel at different temperatures visualizing the drastic decrease of the water related OH-band at 3200 1/cm above the LCST b) zoom into the C-H stretching vibration revealing the change in the C-H stretching region due to the changes in the hydration of the isopropyl groups of the hydrogel; c) average spectrum from the lumen of a hydrogel functionalized wood cell below and above the LCST and d) a zoom into the C-H stretching vibration which show similar spectral changes as the pure hydrogel 8 .
Densified Cellulose Composites
In materials science there is a growing interest in natural fiber reinforced composite materials due to an increasing demand for green, lightweight, high performance materials. The utilization of low cost natural fibers provides the possibility to replace traditional glass fiber composites. Nature itself provides a highly sophisticated natural fiber Figure 5 . Illustration of the manufacturing process based on delignification followed by shear-assisted densification 1 reinforced composites with wood as one famous example. The wood inherent cellulose framework represents an ideal scaffold for the development of hybrid composite materials.
Here we present the development of wood-templated cellulose fibre reinforced composites based on a novel material concept, which unifies delignification and densification of wood while retaining the hierarchical cellulose scaffold. The hereby obtained material possesses high stiffness and strength paired with high toughness when a resin is added, providing advantages compared to traditional natural fiber composites in terms of ease of production, fiber alignment and mechanical performance ( Figure 5) 1 . In a first step, wood samples were completely delignified and then the samples were densified with a newly developed densification procedure combining densification with lateral shearing. The shear assisted densification resulted in regular folding of the cells and reduced stress concentrations in the cell wall. The densified cellulose scaffolds possess highly desirable material properties such as high strength of up to 300 MPa and a stiffness up to 40 GPa. Cellulose scaffolds can be shaped in wet state which allows the manufacturing of curved or twisted structures with perfectly oriented fibers. Additionally, density gradients can be created by varying the local pressure. The scaffolds obtained by this novel processing method can be further modified by infiltration with different matrix systems. For the infiltration of the scaffolds, standard composite infiltration methods need to be optimized as the permeability, compared to textiles used for traditional fibre reinforced composites, is lower. Figure 6 . Image of natural wood; delignified cellulose scaffold; shear assisted densified cellulose scaffold; densified cellulose scaffold with epoxy matrix
